
. 
MEASUREMENTS OF THE MAGMETIC FIELDS W 

INTERPLANETARY SPACE AND TfIE MAGNETOSPHERE 

Norman F. Ness 
Laboratory for Space Sciences 

NASA-Goddard Space  F l i g h t  Center  
Greenbel t ,  Hd. USA 

A i g U S t  1965 



Table of Con ten t s  t 

I, I n t r o d u c t i o n . , . . . . . . . . . . . . o . o . . . . o . . . . .  1 

T I .  The Magnetosphere and I ts  Boundary . e . . . 4 

111. The E a r t h ' s  Magnetic T a i l  . e . . . . 11 

IV. I n t e r p l a n e t a r y  Magnetic F i e l d  . e ., 13 

V. Quasi -S ta t ionary  S e c t o r  S t r u c t u r e  . . . . . 18 

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . - . 20 

References . . . . . .. . . . . . .. . . . . . - . - - 2 1  

L i s t  of F igu res  . . . . . . . . . . . . . . . . . . - - . - 25 

F i g u r e s . .  . . . . . . . . . . . . . . . . . . . . . - - . .  31 



* ABSTRACT 

* Direct measurements of magnetic f i e l d s  i n  space have been performed 

by satellites and space probes  s i n c e  1958, The results of t h e s e  experi- 

ments reveal t h e  c o n t i n u a l  confinement of t h e  geomagnetic f i e l d  by t h e  

"solar wind", forming t h e  magnetosphere and t h e  E a r t h  s magnetic t a i  1. 

A t  3-6 Re permanent e f f e c t s  due to "ring c u r r e n t s "  have been de tec t ed ,  Enclosing 

t h e  magnetosphere i s  a t u r b u l e n t  boundary l a y e r  s epa ra t ed  from t h e  

i n t e r p l a n e t a r y  medium by a c o l l i s i o n l e s s  MHD shock wave. A t  t h e  

subso la r  p o i n t  t h e  d i s t a n c e  to  t h e  te rmina t ion  of t h e  r e g u l a r  geomagnetic 

f i e l d  i s  approximately 10 Re and t o  t h e  shock wave, 13.4 Re, The 

geomagnetic t a i l  i s  observed o u t  t o  a d i s t a n c e  of 40 Re t r a i l i n g  

away f r o m  t h e  Sun much i n  t h e  fash ion  of  cometary tails, The magnetized 

solar plasma c o n t a i n s  a f i e l d  of  approximately 5 ganmas which i s  

d i r e c t e d  along t h e  classical Archimedean s p i r a l  p r e d i c t e d  by Pa rke r .  

The i n t e r p l a n e t a r y  f i e l d ,  deduced conclus ive ly  t o  be of solar 

o r g i n ,  i s  s t r u c t u r e d  i n t o  4 s e c t o r s  which are r e a d i l y  i d e n t i f i a b l e  dur ing  

t h e  q u i t e  y e a r s  of t h e  s o l a r  c y c l e  ( 1 9 6 3 - 6 4 ) .  This review summarizes 

t h e  experiments  and t h e i r  r e s u l t s  with r e s p e c t  t o  o u r  knowledge of  

f i e l d s  i n  space. 



I n t r o d u c t i o n  
0 

The advent  of t h e  sa te l l i t e  and spa re  probe era g y e a r s  ago 

in t roduced  i n t o  t h e  realm of e x t r a - t e r r e s t r i a l  phys ics  the  p o s s i b i l i t y  

of  measuring d i r e c t l y  t h e  p r o p e r t i e s  of i n t e r p l a n e t a r y  space una f fec t ed  

by t h e  presence  of t h e  e a r t h .  Since 1957 a n  impress ive  sequence of  

developments i n  t h e  conduct of such i n - s i t u  experiments  has l e d  not  on ly  

t o  renewed i n v e s t i g a t i o n s  of w e l l  known s o l a r - t e r r e s t r i a l  phys i ca l  

problems, bu t  a l s o  i n i t i a t e d  s t u d i e s  i n v e s t i g a t i n g  completely new 

phenomenon no t  p rev ious ly  an t i c ipa t ed .  

This review i s  d i r e c t e d  towards a b r i e f  summary of those  satellite 

exper iments  measuring magnetic f i e l d s  i n  space  and t h e i r  r e s u l t s .  These 

measurements i nc lude  data obtained from c l o s e  o r b i t i n g  e a r t h  satellites 

a t  e l e v a t i o n s  of on ly  200 k i lometers  t o  space probes p e n e t r a t i n g  t o  w i t h i n  

0.7 A.U. (as t ronomica l  u n i t )  and o u t  t o  1.5 A.U. from t h e  Sun, 

I n t e r p r e t a t i o n  of d a t a  obta ined  from magnetic f i e l d  experiments ,  

a l t hough  f r e q u e n t l y  o f  and by itself is  p o s s i b l e ,  e i t h e r  d i r e c t l y  o r  

i n d i r e c t l y  i n c o r p o r a t e s  t h e  e f f e c t s  of t h e  motion of charged p a r t i c l e s .  

Indeed t h e  p r e s e n t  state of  t h e  outermost  f i e l d  l i n e s  f o r  bo th  t h e  

geomagnetic and o t h e r  p l a n e t a r y  f i e l d s  as w e l l  as t h e  i n t e r p l a n e t a r y  

magnetic f i e l d  is dominated by the s o l a r  co rpuscu la r  f l u x  r e f e r r e d  t o  as 

t h e  "solar wind". We s h a l l  no t  review i n  t h i s  paper t h e  p e r t i n e n t  d a t a  
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concerning t h e  d i r e c t  measurements of t h e  i n t e r p l a n e t a r y  plasma nor 

t h e  theory as so e f f e c t i v e l y  and completely developed by Parker  i n  h i s  

many p u b l i c a t i o n s  s i n c e  t h e  late 1950's (summarized i n  Parker ,  1963Y- 

A s  a d i r e c t  r e s u l t  of t h e  f l u x  of low energy plasma from t h e  sun 

and t h e  e f f e c t s  of i t s  i n t e r a c t i o n  w i t h  t h e  geomagnetic f i e l d ,  it is  

l o g i c a l l y  c o n s i s t e n t  t o  c o n s i d e r  d i v i d i n g  e x t r a - t e r r e s t r i a l  space i n t o  

t h r e e  r e g i o n s  : 

1. The i n t e r p l a n e t a r y  r e g i o n  where t h e  p r o p e r t i e s  of t h e  i n t e r p l a n e t a r y  

medium are undis turbed  by t h e  presence of t h e  e a r t h ?  and i t s  

magnetic f i e l d ,  

2 ,  The "magnetosheath", a s s o c i a t e d  w i t h  t h e  i n t e r a c t i o n  of  t h e  

s o l a r  wind w i t h  t h e  geomagnetic f i e l d  and 

3.  The magnetosphere, t h a t  r e g i o n  of space c o n t a i n i n g  t h e  

geomagnetic f i e l d  and encompassing t h e  e a r t h  i n  t h e  c lass ica l  

concept of t h e  Chapman-Ferraro geomagnetic c a v i t y ,  

Separa t ing  t h e s e  t h r e e  r e g i o n s  of space are two s u r f a c e s  whose 

p h y s i c a l  c h a r a c t e r i s t i c s  o n l y  r e c e n t l y  have been i n v e s t i g a t e d :  

1, The c o l l i s i o n l e s s  magnetohydrodynamic shock wave s u r f a c e  

s e p a r a t i n g  t h e  undis turbed  i n t e r p l a n e t a r y  medium from t h e  

magneto s h e a t h  and 

2. The magnetopause, s e p a r a t i n g  t h e  i n t e r a c t i o n  r e g i o n  from t h e  

magnetosphere 

T h i s  review i s  organized  t o  d i s c u s s  f i r s t l y  t h e  magnetosphere , 

then  t h e  general  i n t e r a c t i o n  problem l e a d i n g  t o  t h e  development of t h e  
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geomagnetic " ta i l"  and f i n a l l y  a d i scuss ion  of t h e  i n t e r p l a n e t a r y  

magnetic f i e l d  and t h e  s t r u c t u r e  of the i n t e r p l a n e t a r y  medium. 

0 

A summary of  a l l  satellites and space probes which have c a r r i e d  

magnetometers f o r  the  e x p l i c i t  purpose of measuring f i e l d s  i n  space is  

g iven  i n  F igu res  1-5. Those experiments  which have y i e l d e d  mainly data 

on t h e  geomagnetic f i e l d  are l i s t e d  i n  F igu res  1 and 2 a long  wi th  t h e i r  

p e r t i n e n t  s p a c e c r a f t  o r b i t a l  c h a r a c t e r i s t i c s .  The experiment parameters 

of t h e s e  satell i tes and space probes i s  g iven  i n  F igu res  3 and 4 ,  Those 

experiments  provid ing  d a t a  p r i n c i p a l l y  on t h e  i n t e r p l a n e t a r y  magnetic f i e l d  

are l i s t e d  i n  F igure  5. There are no d u p l i c a t e  l i s t i n g s  SO t h a t  a s i n g l e  

e a r t h  o r b i t i n g  satell i te such as Explorer  XVIII (or IMP-1) which y i e l d e d  

d a t a  on a l l  three r e g i o n s  of space appears  once. The same is t r u e  of 

t h e  p l a n e t a r y  probes Mariners  I1 and IV which y i e l d e d  i n t e r p l a n e t a r y  d a t a  

as w e l l  as the  first measurements of t h e  magnet ic  f i e l d s  of Venus and Mars. 
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The Magnetosphere and i t s  Boundary 

Mc\re than  30 y e a r s  ago i n  a s tudy  of t h e  phenomenon of t h e  

geomagnetic storm Chapman and F e r r a r o  , based upon an i n i t i a l  sugges t ion  

by Lindemann, p o s t u l a t e d  t h e  t r a n s i e n t  e j e c t i o n  of solar plasma ( rev iewed 

by Chapman , 1963) T h i s  would c o n f i n e  t h e  geomagnetic f i e l d  t empora r i ly  

a.id l e d  t o  t h e  development of e lec t r ica l  c u r r e n t s  on t h e  boundary whose 

magnetic f i e l d s  r e p r e s e n t e d  t h e  d i s t u r b a n c e  f i e l d  observed t e r r e s t r i a l l y .  

Following t h e  e a r l y  sugges t ions  of Biermann (1951) f o r  a cont inuous  and 

s u b s t a n t i a l  solar c o r p u s c u l a r  f l u x  t o  e x p l a i n  t h e  observed c h a r a c t e r i s t i c s  

of Type-I comet t a i l s ,  P a r k e r  developed t h e  theo ry  of  t h e  solar wind 

and t h u s  concluded t h a t  a c o n t i n u a l  confinement of t h e  geomagnetic f i e l d  

would e x i s t .  

Four y e a r s  ago a t  t h e  1961 meeting of t h i s  confe rence  i n  Kyoto, 

Japan  the f i r s t  exper imenta l  ev idence  of bo th  plasma and magnetic 

f i e l d  experiments f o r  t h e  confinement of t h e  geomagnetic f i e l d  and 

o b s e r v a t i o n s  of t h e  boundary w e r e  p re sen ted  (Br idge  e t .  a l . ,  1962; Heppner 

e t .  a l . ,  1962) .  Although e a r l i e r  measurements on t h e  P i o n e e r s  I and V 

( S o n e t t ,  1960; S o n e t t  e t .  a l . ,  1960 a ,c ;  Coleman e t ,  a l .  , 1960b ; Coleman, 

1964) suggested t e rmina t ion  of t h e  geomagnetic f i e l d ,  no  con t inuous  

traversal  of t h e  boundary w a s  ach ieved  because of  i n t e r m i t t e n t  s a t e l l i t e  d a t a  

t ransmiss ion .  The Exp lo re r  X s a t e l l i t e  (Heppner e t .  a l . ,  1963; Bone t t i  

e t .  a l . ,  1963) w a s  launched March 25, 1961 and t r a n s m i t t e d  u s e f u l  i n fo rma t ion  

on plasma f l u x e s  and magnetic f i e l d  t o  apogee of i t s  f i r s t  o r b i t ,  46.1 R e  

( E a r t h  r a d i i ) .  These d a t a  r evea led  t h e  l a r g e  scale d i s t o r t i o n  of t h e  
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geomagnetic f i e l d  on t h e  n ight t ime s i d e  of t h e  e a r t h  and r evea led  an 

i n t i m a t e  r e l a t i o n s h i p  between the flow of plasma and t h e  s t r e n g t h  of 

t h e  magnetic f i e l d .  

i n i t i a l  i n t e r p r e t a t i o n s  w e r e  rudimentary and subsequent i n v e s t i g a t i o n s  

o f  the combined set of d a t a  were necessary before  a clear p i c t u r e  emerged 

as t o  t h e  n a t u r e  of t h e  experimental  r e s u l t s  i n  t h e  magnetosheath 

(Axford, 1962, Kellogg, 1962; R o s s i ,  1963). 

As i s  f r equen t ly  t h e  c a s e  wi th  such new d a t a  t h e  

Ear ly  d e t a i l e d  mapping of t h e  geomagnetic f i e l d  c l o s e  t o  t h e  

e a r t h  on t h e  Explorer  V I  s a t e l l i t e  (Smith et.al., i960; Sone t t  et-al.,  

1960b) i n  1959 y i e l d  data i n i t i a l l y  i n t e r p r e t e d  t o  be r e p r e s e n t a t i v e  

of l a r g e  scale permanent " r ing  c u r r e n t s "  e n c i r c l i n g  t h e  e a r t h ,  Subsequent 

t o  the Explorer X r e s u l t s ,  the Explorer V I  data were re-examined and 

shown t o  be c o n s i s t e n t  wi th  a genera l  d i s t o r t i o n  of t h e  geomagnetic 

f i e l d  as i n d i c a t e d  by t h e  Explorer X r e s u l t s  and later satel l i te  measure- 

ments (Smith, 1962; Smith e t .a l , ,  1964). Lunik 1 and 2 measurements between 

3-6 Re d e t e c t e d  l a r g e  dep res s ions  of t h e  main  f i e l d  a t  2.8-4Re (Dolginov 

et.al., 1960, 1961). Recent ly  Elec t ron  2 (Dolginov e t -a l , ,  1965) has  

confirmed i n  t h e  same reg ion  of space s i m i l a r  bu t  weaker " r ing  c u r r e n t "  

e f f e c t s .  

The f i r s t  measurements of t rapped p a r t i c l e s ,  f i e l d s  and plasmas a t  

t h e  boundary of t h e  geomagnetic f i e l d ,  t h e  magnetopause, were conducted 

also i n  1961 by Explorer  X I V  ( C a h i l l  and Amazeen, 1963; Freeman et.al,, 

19631. These d a t a ,  shown i n  Figure 6,  i n d i c a t e d  a t e rmina t ion  of t h e  

compressed geomagnetic f i e l d  a t  a d i s t a n c e  of approximately 8,2 Re on t h e  

s u n - l i t  s i d e  of t h e  e a r t h  co inc iden t  w i t h  a t e rmina t ion  of t h e  t r app ing  
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reg ion  of e n e r g e t i c  p a r t i c l e s  as w e l l  as t h e  o n s e t  of  thermal ized  s o l a r  e 

plasma. These measurements and t h e i r  i n t e r p r e t a t i o n  , combined wi th  t h e  

Explorer  X d a t a ,  e s t a b l i s h e d  t h e  permanent e x i s t e n c e  of a conf ined  

geomagnetic f i e l d .  It  w a s  also p o s s i b l e ,  a t  t h a t  t ime ,  wi th  t h e  d i r e c t  

measurements of t h e  boundaries  of t h e  geomagnetic f i e l d ,  t o  p l a c e  i n  t h e  

proper  p e r s p e c t i v e  t h e  ear l ie r  measurements by t h e  P i o n e e r  and Explorer  

sa te l l i tes  and space probes.  I n t e r e s t i n g  and s u b s t a n t i v e  reviews of 

t h e s e  e a r l y  d a t a  have been provided by Obayashi (1963) and C a h i l l  (1964) .  

I n  a s tudy  of  t h e  i n t e r a c t i o n  of t h e  solar wind wi th  t h e  geomagnetic 

f i e l d  i t  h a s  been a p p r o p r i a t e  t o  i n t r o d u c e  a g e o c e n t r i c  c o - o r d i n a t e  

system which r e f l e c t s  t h e  s o l a r  o r i g i n  of  t h e  plasma. Direct measurements 

of t h e  i n t e r p l a n e t a r y  plasma by Mariner I1 and IMP-I have i n d i c a t e d  

v e l o c i t i e s  of approximately 300 t o  700 km/sec (Snyder and Neugebauer, 1962; 

Bridge e t .  a l .  , 1965).  Thus t h e  a b e r r a t i o n  of solar plasma f low from 

t h e  Sun-Earth l i n e  i s  o n l y  3-6 d e g r e e s  s i n c e  t h e  h e l i o c e n t r i c  o rb i t a l  

v e l o c i t y  of t h e  E a r t h  i s  30 km/sec. The solar e c l i p t i c  c o - o r d i n a t e  system 

shown i n  F i g u r e  7 h a s  been a u s e f u l  r e f e r e n c e  system i n  which t o  s tudy  

measurements of  f i e l d s ,  p a r t i c l e s  and plasma d a t a  w i t h i n  t h e  magnetosphere,  

a t  i t s  boundary and beyond. 

Deta i led  r e p e t i t i v e  measurements of t h e  magnetosphere boundary were 

f i r s t  performed by t h e  Explorer  X I 1  s a t e l l i t e  i n  1961 and both  

f i e l d  and p a r t i c l e  measurements have been r e p o r t e d  upon ( C a h i l l  and 

Amazeen, 1963; Freeman, 1964). A similar s i t u a t i o n  h a s  been t r u e  of  

t h e  Explorer X I V  s a t e l l i t e  i n  which e x t e n s i v e  measurements of both 
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p a r t i c l e  (Frank,  1965) and f i e l d  phenomenon ( C a h i l l ,  1964a; C a h i l l ,  1965) 

have been performed and r epor t ed  on r e c e n t l y .  

. 

A comprehensive survey with respect t o  d i r e c t  measurements of 

t h e  conf ined  geomagnetic f i e l d ,  i t s  boundary and s i g n i f i c a n t l y  t h e  

first magnetic measurements of t h e  c o l l i s i o n l e s s  shock wave have been 

performed by t h e  IMP-I satellite. (Ness et.al., 1964; 1965). I n  f i g u r e  

8 i s  shown the r e s u l t s  on outbound o r b i t  No. 1 a t  a solar e c l i p t i c  

longi tude  of 4 = 3 1 5 O .  

about  t h a t  t h e o r e t i c a l l y  p red ic t ed  by e x t r a p o l a t i o n  from s u r f a c e  

measurements. A 1  11.3 R , t he  magnetopause, an ab rup t  decrease  occurs  i n  

t h e  magnitude of t h e  f i e l d  and t h e  d i r e c t i o n a l  c h a r a c t e r i s t i c s  are best 

desc r ibed  as t u r b u l e n t  and d isordered .  e 

t h e  shock wave where t h e  average magnitude of t h e  f i e l d  drops  t o  

approximately 5 gammas. The diagram is l abe led  t o  i n d i c a t e  c l e a r l y  

t h e  i d e n t i f i a b l e  p o s i t i o n s  of  t h e s e  boundar ies  s epa ra t ing  t h e  t h r e e  

r e g i o n s  of  space p rev ious ly  def ined,  An important  f e a t u r e  of t hese  data 

i s  t h a t  i n  a d d i t i o n  t o  the  ind iv idua l  d a t a  p o i n t s  r e p r e s e n t i n g  t h e  

magnetic f i e l d  magnitude and d i r e c t i o n ,  t h e r e  i s  inc luded  t h e  root-mean- 

square  d e v i a t i o n  over  a 5.46 minute time i n t e r v a l .  This  measures 

e s s e n t i a l l y  t h e  h igh  frequency component of t h e  magnetic f i e l d  and 

is  p a r t i c u l a r l y  d i a g n o s t i c  i n  i d e n t i f i c a t i o n  of t h e  p o s i t i o n  of 

The magnitude of t h e  f i e l d  is observed t o  be 

e 

This  persists t o  16.8 R or a t  

t h e  c o l l i s i o n l e s s  shock wave. I n  t h i s  f i g u r e  it i s  seen t h a t  t h e  
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I 

d e v i a t i o n s  i n  t h e  i n d i v i d u a l  components are w e l l  above t h e  n o i s e  l e v e l  

of t h e  ins t rumenta t ion  and t e l eme t ry  system u n t i l  a g e o c e n t r i c  d i s t a n c e  

of 16.8 Re i s  reached.  

f i e l d  on t h e  IMP-I s a t e l l i t e  and as i n d i c a t e d  ear l ie r  by Exp lo re r s  

X I 1  and X I V  w a s  r epea ted  f o r  4 2  t imes wh i l e  t h e  s a t e l l i t e  apogee 

precessed from c lose  t o  the 

plane.  

T h i s  c h a r a c t e r i s t i c  behavior  of t h e  magnetic 

subso la r  p o i n t  t o  t h e  midnight  mer id ian  

In a d d i t i o n  t o  t h e  consp ic ious  f e a t u r e s  obse rvab le  i n  t h e  magnetic 

f i e l d  d a t a ,  du r ing  each t r a v e r s a l  of t h e  i n t e r a c t i o n  r e g i o n ,  i s  t h e  

corresponding plasma d a t a  ob ta ined  by t h e  MIT group (Br idge  e t .  a l .  , 1965).  

The c o r r e s p m d i n g  d a t a  f o r  outbound o r b i t  No. 1. from t h e i r  p u b l i c a t i o n  i s  

shown i n  F i g u r e  9 .  An estimate of t h e  i s o t r o p y  of f low of plasma 

d u r i n g  each s p a c e c r a f t  r o t a t i o n  i s  made by r eco rd ing  t h e  maximum and 

minimum f l u x e s .  C l e a r l y  i n d i c a t e d  i n  t h e s e  r e s u l t s  i s  t h e  n e a r l y  

i s o t r o p i c  f l u x  observed i n  a reg ion  of space which cor responds  a lmost  

p e r f e c t l y  wi th  t h e  r e s u l t s  of  t h e  magnetic f i e l d  experiment i n  d e f i n i n g  

t h e  i n t e r a c t i o n  r eg ion  as c o n t a i n i n g  a d i so rde red  magnet ic  f i e l d .  On 

t h e  b a s i s  of  a c lass ical  g a s  dynamic analogy Kellogg (1962) and o t h e r s  have 

shown t h a t  a de tached  bow shock wave should develop sur rounding  t h e  compressed 

geomagnetic f i e l d  s i n c e  t h e  f low of s o l a r  plasma i s  supersonic  i n  t h e  

Alfvgn magnetohydrodynamic sense  a t  a Mach number of 5-10. 

A d i r e c t  comparison of t h e  r e s u l t s  ob ta ined  wi th  both  t h e  magnetic 

f i e l d  and plasma experiments  on t h e  IMP-I s a t e l l i t e  has  r evea led  t h e  

i d e n t i f i c a t i o n  of bo th  boundar ies  a t  approximately t h e  same p o i n t s  a long  
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* 
t h e  t r a j e c t o r y  t o  w i t h i n  a f r a c t i o n  of an  e a r t h  r ad ius .  

T h e o r e t i c a l  computat ions of the  shape of  t h e  magnetosphere 

boundary have been conducted by a number of a u t h o r s  ( reviewed by 

Beard, 1964). I n  a d d i t i o n  t o  computing t h e  shape of t h e  magnetosphere, 

S p r e i t e r  z ~ d  Jones (1963) computed t h e  shape of t h e  detached bow shock 

wave which would be expected o n  t h e  basis of t h e  g a s  dynamic model 

p rev ious ly  suggested A d i r e c t  compari s ion  wi th  t h e  t h e o r e t i c a l l y  

p r e d i c t e d  shape and p o s i t i o n  of t h e  shock i s  shown i n  F igu re  10. 

c r o s s e s  r e p r e s e n t  magnetosphere boundary traversals, t h e  d o t s  t he  

c o l l i s i o n l e s s  shock and t h e  agreement i s  seen t o  be  q u i t e  good. A 

s l i g h t  adjustment  of t h e  t h e o r e t i c a l  s tandoff  ratio f o r  t h e  shock w a v e  

h a s  been necessary  i n  o r d e r  t o  br ing  t h e  o b s e r v a t i o n s  i n t o  good harmony wi th  

t h e  theory .  

t o  t h e  development of a c o l l i s i o n l e s s  shock wave wi th  s p e c i f i c  a p p l i c a t i o n  

t o  t h e  case of t h e  solar wind i n t e r a c t i o n  wi th  t h e  geomagnetic f i e l d  are 

be ing  conducted by a number of  s epa ra t e  i n d i v i d u a l s  (Corday, 1965; 

Noerd l inger ,  1964).  

w e l l  understood,  t h e  obse rva t iona l  ev idence  i s  s t r o n g  t o  i n d i c a t e  t h e  

e x i s t e n c e  of t h e  shock wave although c e r t a i n  a u t h o r s  , no tab ly  Berns t e in ,  

et.  a l , ,  1964; F r e d e r i c k s  e t ,  al. ,  1965 and Scar f  et .  a l . ,  1965, contend 

t h a t  a c t u a l l y  on ly  a broad d i so rde red  r eg ion  i s  p r e s e n t .  

The 

A t  t h e  p r e s e n t  t i m e  d e t a i l e d  s t u d i e s  of t h e  mechanisms l ead ing  

Although t h e  d e t a i l s  do no t  appear  t o  be t h e o r e t i c a l l y  

A t  t h e  p r e s e n t  t i m e  t h e r e  i s  s t rong  con t rove r sy  between t h e  plasma 

measurements ob ta ined  on t h e  IMP-I and I1 satell i tes r e l a t i n g  t o  t h e  

observed t u r b u l e n t  i s o t r o p i c  plasma f l o w  w i t h i n  t h e  t r a n s i t i o n  r eg ion  
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I 

and near t h e  s t a g n a t i o n  p o i n t .  Work by Wolfe e t .  al .  (1965) on IMP-I1 

h a s  repor ted  an o p p o s i t e  p o i n t  of view i n  t h a t  t h e  plasma f low i s  s t i l l  

from t h e  Sun. T h i s  d i screpancy  i n  t h e  exper imenta l  r e s u l t s  h a s  y e t  t o  

be resolved al though i t  i s  d i f f i c u l t  t o  understand t h o s e  r e s u l t s  of  Wolfe 

e t .  al .  (1965)  which i n d i c a t e  plasma f low wi th  a l a r g e  v e l o c i t y  

component normal t o  t h e  magnetosphere boundary w i t h i n  t h e  magnetosheath. 
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I .  

The E a r t h ' s  Magnetic T a i l  

The first measurements of t h e  e a r t h ' s  magnetic f i e l d  a t  g r e a t  

d i s t a n c e s  from the e a r t h  were performed by t h e  Explorer X satellite i n  

1961. These r e ' s u l t s  i n d i c a t e d  t h e  d i s t o r t i o n  of t h e  geomagnetic f i e l d  

so t h a t  t h e  l i n e s  of f o r c e  were observed to  trafl  w i t  f a r  behind t h e  

e a r t h  p o i n t i n g  roughly  away from t h e  e a r t h .  Subsequently Explorer XIV 

( C a h i l l  1964a ,1965)  r evea led  t h a t  near  l o c a l  midnight t h e  terrestrial 

f i e l d  appeared t o  approach predominately an a n t i - s o l a r  d i r e c t i o n  a t  

16 R . Recent d e t a i l e d  measurements mapping t h e  e a r t h ' s  magnetic 

t a i l  have been performed by t h e  IMP-I sa te l l i te  (Ness, 1965b) 

and have shown t h a t  t h e  geomagnetic f i e l d  t ra i ls  out  f a r  behind t h e  e a r t h  

a t  l e a r c  halfway t o  the  moon and forms a "magnetic tail". That 

such an appendage t o  t h e  geomagnetic f i e l d  would e x i s t  w a s  a n t i c i p a t e d  

i n  t h e  t h e o r e t i c a l  work of Parker (19581, Piddington (1960) , .and  most 

r e c e n t l y  and d e f i n i t i v e l y  by Axford, Petschek and S i scoe  (19651, Dessler 

(19641, Dessler and Juday (1965). 

e 

De ta i l ed  measurements from o r b i t  No. 41 of  t h e  IMP-I satell i te p r e s e n t  

i n  F igu re  11 t h a t  o r b i t  c l o s e s t  t o  t h e  midnight  meridian plane. 

r e s u l t s  are presented  i n  a s o l a r  e c l i p t i c  coord ina te  system and 

demonstrate  t h e  remarkable f e a t u r e  of  t h e  f i e l d  obse rva t ions  i n d i c a t i n g  

a dec ided  o r i e n t a t i o n  p a r a l l e l  t o  t h e  ea r th - sun  l i n e  and d i r e c t e d  e i t h e r  

towards o r  away from t h e  sun depending upon whether o r  no t  t h e  sa te l l i te  

is above o r  below a magnet ica l ly  n e u t r a l  r eg ion  i d e n t i f i e d  as a n e u t r a l  

shee t .  The work of Axford et. a l , ,  (1965) poin ted  o u t  t h e  n e c e s s i t y  f o r  

The 
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t h e  e x i s t e n c e  of a n  enhanced plasma f l u x  w i t h i n  t h e  n e u t r a l  s h e e t  

reg ion .  This  was p r e v i o u s l y  measured by t h e  Explorer  XIV s a t e l t l t e  i n  

t h e  work of  Frank (19651, Frank and Van Al len  (1964) i n  which an 

e n e r g e t i c  p a r t i c l e  " ta i l"  w a s  observed. Lunik 2 d a t a  by Gringauz 

(1960) was i n t e r p r e t e d  as being evidence f o r  a 3 r d  r a d i a t i o n  b e l t  

a l though as Van Al len  (1964) noted ,  t h e  importance of  i n t e r p r e t i n g  

such d a t a  i n  terms of t h e  s o l a r  wind d i s t o r t i o n  of  t h e  geomagnetic 

f i e l d  and t h e  day-night  assymetry cannot  be neglec ted .  

A remarkable f e a t u r e  of t h e  d e t a i l e d  r e s u l t s  on t h e  n i g h t s i d e  

of t h e  e a r t h ,  r e p r e s e n t e d  by Figure 11 has  been t h e  observed development 

of  t h e  d i s t o r t e d  geomagnetic f i e l d  i n  which f i e l d  l i n e s  from t h e  p o l a r  

c a p  r e g i o n s  are dragged o u t  t o  form t h e  magnetic t a i l .  A summary of  t h e s e  

o b s e r v a t i o n s  i s  presented  i n  F i g u r e  12  showing t h e  p r o j e c t i o n  of  t h e  XY 

s o l a r  e c l i p t i c  components of t h e  magnetic f i e l d  i n  t h e  e a r t h ' s  magnetic 

t a i l  as viewed on t h e  p lane  of t h e  e c l i p t i c .  F igure  12 shows t h e  

r e s u l t s  ob ta ined  when above o r  below a n  imaginary p lane  a t  Yse = -2.5 R e  

chosen for  c l a r i t y  of p r e s e n t a t i o n .  I n  t h e s e  p r e s e n t a t i o n s  

i t  i s  p o s s i b l e  t o  i d e n t i f y  t h e  t r a v e r s a l  of t h e  n e u t r a l  s h e e t  on each  

o r b i t  and i n  some cases each  o r b i t  t r a v e r s e s  t h e  n e u t r a l  s h e e t  more than  

once,  This i s  i n t e r p r e t a b l e  i n  view of t h e  "wobble" of t h e  e a r t h ' s  

magnetic d i p o l e  once e v e r y  24 hours  and t h e  a s s o c i a t e d  o r i e n t a t i o n  of t h e  

magnetic n e u t r a l  s h e e t .  

A summary of t h e  magnetic f i e l d  topology w i t h i n  t h e  magnetosphere 

as observed i n  t h e  magnetic mid-night mer id ian  plane i s  shown i n  F igure  13. 
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Included a l s o  f o r  r e f e r e n c e  are t h e  d i s t o r t e d  f i e l d  l i n e s  con ta in ing  of 

t h e  terrestrial r a d i a t i o n  be l t s  showing t h e  s i g n i f i c a n t  day-night  

assymetry which is a d i r e c t  r e s u l t  of t h e  i m p a c t  of t h e  s o l a r  wind 

and t h e  development of  t h e  e a r t h ' s  magnetic t a i l .  Recent ly  W i l l i a m s  

and Mead (1965) and Ness and W i l l i a m s  (1965) have shown t h a t  t h e  motion 

of p a r t i c l e s  observed i n  t h e  r a d i a t i o n  belts e x h i b i t  a day-night  

assymetry which can be c o r r e l a t e d  w i t h  t h e  e x i s t e n c e  and temporal 

behavior  of t h e  magnetic f i e l d  i n  t h e  e a r t h ' s  magnetic t a i l ,  This l ends  

s t r o n g  support  t o  t h i s  o v e r a l l  f i e l d  topology s i n c e  t h e  motion of charged 

p a r t i c l z s  i n  t h e  r a d i a t i o n  " t r a p "  c l e a r l y  i n t e g r a t e s  t h e  o v e r a l l  

d i s t u r b a n c e  f i e l d s  due to t h e  confinement of  t h e  geomagnetic f i e l d .  

Recent measurements w e r e  conducted of  the p lane t  Mars by t h e  Mariner 

IV s p a c e c r a f t  i n d i c a t i n g  e s s e n t i a l l y  no magnetic f i e l d  f o r  t h a t  p l ane t .  It 

has  been p rev ious ly  r e p o r t e d  from t h e  Mariner I1 r e s u l t s  (Smith et.al.,  1965) 

that Venus 

only  a t u r b u l e n t  wake of t h e  moon i n  t h e  f low of s o l a r  wind (Ness, 1965 a) 

w a s  de tec ted .  Lunik 2 da ta  (Dolginov e t - a l , ,  1961b) d e t e c t e d  n o  

s i g n i f i c a n t  l una r  f i e l d .  Thus it appea r s  t h a t  t h e  s tudy  of  t h e  i n t e r -  

a c t i o n  of va r ious  p l a n e t a r y  o b j e c t s  with t h e  s o l a r  wind and t h e  develop- 

ment of  a magnetic t a i l  depends upon whether o r  no t  t h e  o b j e c t  posses ses  

an  i n h e r e n t  magnetic f i e l d .  I n  the case of t h e  e a r t h  a l a r g e  magnetic 

t a i l  develops and a similar phenomenon may be expected t o  development 

behind t h e  p l a n e t  Jupi ter  s i n c e  a l l  i n d i c a t i o n s  are that it posses ses  

a n  a p p r e c i a b l e  magnetic f i e l d  t r app ing  particles o r i g i n a t i n g  i n  t h e  

i n t e r a c t i o n  of t h e  s o l a r  wind with i t s  magnet ic  f i e l d .  T r a i l i n g  downstream 

may have only  a s m a l l  f- ield.  On t h e  b a s i s  of ZMP-I ,  
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i n  t h e  s o l a r  wind f low from such o b j e c t s  as t h e  Moon, Mars and Venus are 

p o s s i b l y  o n l y  t u r b u l e n t  wakes. 
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I n t e r p l a n e t a r y  M n e t i c  F i e l d  

T\e e x i s t e n c e ,  gene ra l  d e s c r i p t i o n  and temporal behavior  of t h e  

i n t e r p l a n e t a r y  magnet ic  f i e l d  have been deduced i n  t h e  p a s t  from a v a r i e t y  

of terrestrial obse rva t ions ,  no tab ly  t h e  a n a l y s i s  of e n e r g e t i c  p a r t i c l e  

t r a j e c t o r i e s  impact ing t h e  ea r th .  The a n a l y s i s  by McCraken ( 1962) i s  i n d i c a t i v e  

of r ecen t  e f f o r t s  which i n d i c a t e  the  p r e f e r e n t i a l  gu id ing  of s o l a r  par t ic les  

to  t h e  Ea r th  f r o m  W e s t  l imb f l a r e  events  when compared t o  Eas t  limb events .  

T h i s  s t r o n g l y  sugges t s  t h e  development of t h e  Archimedean s p i r a l  s t r u c t u r e  

i n  t h e  i n t e r p l a n e t a r y  magnet ic  f i e l d  which i s  t h e  d i r e c t  r e s u l t  of t h e  

cont inuous solar wind f l u x .  Direct measurements i n  space  by Pioneer  V 

(Coleman et.al., 196W wi th  a search  coil  magnetometer w e r e  t h e  f i r s t  

performed and r evea led  a magnetized solar plasma wi th  a magnetic f i e l d  

deduced i n i t i a l l y  t o  be mainly normal t o  t h e  e c l i p t i c  p lane .  Recent 

work t o  ana lyze  t h e  P ionee r  V d a t a  by Greens tad t  (1965) has  y i e l d e d  r e s u l t s  

d i f f e r i n g  

are much c l o s e r  t o  t h e  p l ane  of t h e  e c l i p t i c  wi th  a magnitude of 5 t o  10 

gammas. Measurements of t h e  i n t e r p l a n e t a r y  magnet ic  f i e l d  by Explorer  X 

(Heppner et .al . ,  1963) w e r e  d i s t o r t e d  by t h e  s t r o n g  i n t e r a c t i o n  between t h e  

s t reaming plasma and t h e  magnet ic  f i e l d  of t h e  e a r t h .  

measurements on t h e  Mariner I f  space probe are 

incomplete  because of unknown spacec ra f t  magnetic f i e l d s  and do not  provide 

a c c u r a t e  v e c t o r  d a t a  on t h e  i n t e r p l a n e t a r y  magnet ic  f i e l d  (Smit? 1964) 

The d a t a  are c o n s i s t e n t  w i th  t h e  i n t e r p l a n e t a r y  f i e l d  i n  t h e  p l ane  of t h e  

wi th  t h e  earlier ana lyses  and shows t h a t  t h e  f i e l d s  measured 

The magnetometer 
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e c l i p t i c  with t h e  s t r e n g t h  of approximately 5 gammas normal t o  t h e  Sun 

s a t e l l i t e  d i r e c t i o n .  

Accurate measurements of t h e  i n t e r p l a n e t a r y  magnet ic  f i e l d  

i n  Cis - lunarspace  have been performed on t h e  IMP-I sa t e l l i t e .  A sample 

of t h e  d a t a  obta ined  i s  shown i n  F igu re  14 f o r  t w o  24 hour t i m e  i n t e r v a l s  

i n  s o l a r  e c l i p t i c  co-ord ina tes .  Throughout most of t h e  d a t a  t h e  f i e l d  i s  

seen t o  be  approximately between 4-7 gammas and t o  b e  po in ted  roughly away 

from t h e  Sun o r  towards t h e  sun at t h e  t h e o r e t i c a l  ang le  a s s o c i a t e d  w i t h  

t h e  Archimedean s p i r a l  s t r u c t u r e .  The d i r e c t i o n a l  h i s togram of  a l l  of t h e  

i n t e r p l a n e t a r y  magnet ic  f i e l d  measurements i s  shown i n  F igu re  15. Here two 

t i m e  i n t e r v a l s  are  chosen f o r  t h e  d a t a  r e p r e s e n t a t i o n ,  5.46 minutes  be ing  

t h e  b a s i c  te lemet ry  u n i t  and 3 hours  being t h e  s tandard  u n i t  of t i m e  f o r  

s tudying  va r ious  t e r res t r ia l  d i s tu rbances .  I t  i s  clear t h a t  t h e  magnet ic  

f i e l d  d i r e c t i o n  p r e f e r e n t i a l l y  p a r a l l e l s  

approximately along t h e  s p i r a l  ang le  i n  a s e n s e  e i t h e r  away from o r  towards 

t h e  sun; d i r e c t i o n s  - re ferenced  as p d s i t i v e  o r  nega t ive  r e s p e c t i v e l y .  

t h e  p l ane  of t h e  e c l i p t i c  and 

Corresponding t o  t h e  d i r e c t i o n a l  h i s togram are t h e  magnitude h is tograms 

f o r  t h e  same da ta ,  shown i n  F i g u r e  16, I t  i s  seen t h a t  t h e  average magnet ic  

f i e l d  i s  approximately 5 gammas which corresponds t o  a f i e l d  of two gauss  

a t  t h e  photospheric  s u r f a c e  of t h e  Sun us ing  P a r k e r ' s  model f o r  t he  expansion 

of t h e  s o l a r  corona i n t o  i n t e r p l a n e t a r y  space.  

arises i n  connection wi th  t h e  s tudy  of t h e  magnet ic  f i e l d  i n  i n t e r p l a n e t a r y  

space  i s  i t s  o r i g i n  and i t s  t i m e  c h a r a c t e r i s t i c s .  A more q u a n t i t a t i v e  

The impor tan t  ques t ion  which 
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approach t o  t h e  i n v e s t i g a t i o n  of t h e  o r i g i n  of t h e  i n t e r p l a n e t a r y  magnetic 

f i e l d  h a s  been conducted by Ness and Wilcox (1964). The d i r e c t i o n  of t h e  

i n t e r p l a n e t a r y  magnet ic  f i e l d  was ass igned  ove r  each 12  hour i n t e r v a l  t o  

b e  e i t h e r  p o s i t i v e  o r  n e g a t i v e  depending upon t h e  statist ical  p re fe rence  

for t h e  d i r e c t i o n  as d e f i n e d  by t h e  d i r e c t i o n a l  his togram shown i n  F i g u r e  

15. An a u t o - c o r r e l a t i o n  func t ion  w a s  cons t ruc ted  f o r  t h e  i n t e r p l a n e t a r y  

magnet ic  f i e l d  d a t a  which would i n d i c a t e  t h e  tendency of t h e  d i r e c t i o n  

of t h e  magnet ic  f i e l d  t o  r e c u r  p e r i o d i c a l l y .  Th i s  i s  shown i n  F igu re  17, 

i n d i c a t i n g  a s t r o n g  r ecu r rence  tendency at an i n t e r v a l  of 27 days which 

corresponds t o  t h e  r o t a t i o n  per iod of t h e  solar e q u a t o r i a l  r eg ion  and 

sugges t s  a s o l a r  o r i g i n  t o  t h e  i n t e r p l a n e t a r y  f i e l d .  

S i n c e  t h e  i n t e r p l a n e t a r y  magnetic f i e l d  d i r e c t i o n  a t  1.A.U. appea r s  t o  

be p e r i o d i c  or r e c u r r e n t  w i th  a 27 day pe r iod  i t  i s  then l o g i c a l  t o  cons ider  

a direct c o r r e l a t i o n  between t h e  d i r e c t i o n  of t h e  magnetic f i e l d  observed 

at t h e  s u r f a c e  of t h e  sun wi th  t h a t  o b s e r v e d a t  1 A.U.. A c r o s s  c o r r e l a t i o n  

f u n c t i o n  cons t ruc t ed  f o r  t h e  IMP-I d a t a  y i e l d s  t h e  r e s u l t  (Ness and Wilcox, 

1964) t h a t  t h e  t i m e  o f f s e t  f o r  a coherent  peak i s  4.5 days as shown i n  

F i g u r e  17 . This  l e a d s  to an average plasma v e l o c i t y  of approximately 

385 km/sec which i s  close t o  t h e  average  v e l o c i t y  of 312 km/sec r e p o r t e d  

by t h e  MIT plasma experiment  (Lyon, 1965) on IMP-I f o r  t h e  same i n t e r v a l  

of t i m e  . 
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. Quasi S t a t i o n a r y  Sec to r  S t r u c t u r e  

The most recent r e s u l t  of t h e  s tudy  of  t h e  i n t e r -  

p l a n e t a r y  magnetic f i e l d  y e t  r e p o r t e d  i s  t h e  d e t e c t i o n  of  an  organized  

s e c t o r i n g  of t he  i n t e r p l a n e t a r y  magnetic f i e l d  by t h e  IMP-I d a t a .  

(Ness and Wilcox, 1965). A c i r c u l a r  superposed epoch c h a r t  of t h e  

d i r e c t i o n  of t h e  i n t e r p l a n e t a r y  magnetic f i e l d  i s  shown i n  F igu re  18. 

It i s  immediately ev iden t  t h a t  t h e  d i r e c t i o n  of t h e  magnetic f i e l d  i s  

h igh ly  organized o n  a 27  day b a s i s  i n t o  f o u r  segments o r  s e c t o r s  w i t h i n  

each  of which the  d i r e c t i o n  of t h e  f i e l d  i s  e i t h e r  p o s i t i v e  o r  nega t ive  

most of the time. Three s e c t o r s  are 7.7 days long and one i s  3.8 days.  

With the i d e n t i f i c a t i o n  of t h e  s e c t o r  s t r u c t u r e  i n  the  i n t e r -  

p l a n e t a r y  magnetic f i e l d  d i r e c t i o n ,  Wilcox and Ness (1965) i n v e s t i g a t e d  

t h e  v a r i a t i o n  of t he  i n t e r p l a n e t a r y  magnetic f i e l d  magnitude and o t h e r  

parameters  of the  i n t e r p l a n e t a r y  medium. F igu re  19 p r e s e n t s  t h e  

superposed epoch a n a l y s i s  of t h e  magnitude o f  t h e  magnetic f i e l d  i n  t h r e e  

large s e c t o r s  of t h e  q u a s i - s t a t i o n a r y  s t r u c t u r e .  Included also i s  a 

superposed epoch a n a l y s i s  of t h e  24 hour sum Kp index  cor responding  t o  

t h e  same t i m e  i n t e r v a l .  It i s  seen  t h a t  du r ing  t h e s e  t h r e e  s o l a r  r o t a t i o n s  

t h e r e  i s  a coherent  v a r i a t i o n  of t h e  i n t e r p l a n e t a r y  magnetic f i e l d  s t r e n g t h  

w i t h  t h e  p l ane ta ry  magnetic index  Kp w i t h i n  each  s e c t o r  r eg ion .  

Equally important  is t h e  v a r i a t i o n  of t h e  i n t e r p l a n e t a r y  s o l a r  plasma 

c h a r a c t e r i s t i c s  du r ing  t h e  s e c t o r  s t r u c t u r e .  F igure  20 p r e s e n t s  t he  super-  

posed epoch a n a l y s i s  of bo th  t h e  f l u x  and d e n s i t y  of t h e  s o l a r  plasma 

as measured by t h e  MIT group (Lyon , 1965).  It i s  seen t h a t  t h e r e  i s  a 
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I 

* 
similar v a r i a t i o n  of t h e  f l u x  and d e n s i t y  throughout t h e  sector 

s t r u c t u r e  which can be i n t e r p r e t e d  on t h e  basis of the  "frozen-in" 

f l u x  concept  in t roduced  by Alfven i n  h i s  s t u d y  of magnetohydrodynamics. 

A t  t h e  p r e s e n t  t i m e  t h e  f u l l  s i g n i f i c a n c e  of t h i s  sector s t r u c t u r e  has 

y e t  t o  be i n v e s t i g a t e d .  

I 

I 

I Wilcox and Ness (1965) have suggested that t h i s  s e c t o r  s t r u c t u r e  

may be a n  impor tan t  aspect of the development of M-region t y p e  storms 

which have y e t  

~ 

be i d e n t i f i e d  with any unique f e a t u r e  

, on the s u r f a c e  of the Sun. The more c r i t i c a l  a n a l y s i s  of s o l a r  

magnetographs i n  t h e  f u t u r e  and t h e i r  c o r r e l a t i o n  w i t h  d i r ec t  measurements 

i n  the i n t e r p l a n e t a r y  medium may provide a d d i t i o n a l  d a t a  on t h e  

permanence of t h i s  s e c t o r i n g  of t he  i n t e r p l a n e t a r y  medium. It should 

be noted  t h a t  as t h i s  s t r u c t u r e  r o t a t e s ,  temporal v a r i a t i o n s  a s s o c i a t e d  

w i t h  it are i n t e r p r e t e d  as related t o  t h e  c o - r o t a t i o n  of t h e  s t r u c t u r e  

rather t h a n  r a d i a l  propagat ion from t h e  Sun. 
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L i s t  of  F igures  

1. Tabular  summary of US and USSR satellites and space probes launched 

between 1958-1963 which have provided measurements of t h e  geomagnetic 

f i e l d .  Included are t h e  launch dates, the i n c l i n a t i o n  of the o r b i t a l  

p lane  t o  t h e  earth's equator  (when s i g n i f i c a n t )  and t h e  l i f e t i m e  

(measured i n  days) .  

2, Cont inua t ion  of F igu re  1 f o r  t h e  pe r iod  1963-present (as of Sept .  1, 

1965) 

3. Tabular  summary of US and USSR satellites and space probes launched 

between 1958-1963 which have provided measurements of t h e  geomagnetic 

f i e l d .  Included are a b r i e f  d e s c r i p t i o n  of t h e  type  of i n s t rumen ta t ion ,  

dynamic range  and s e n s i t i v i t y  of t h e  experiment and the g e o c e n t r i c  

d i s t a n c e  ( i n  e a r t h  r a d i i )  over which s e n s i b l e  measurements w e r e  

performed, 

4. Cont inua t ion  of  F igu re  3 f o r  t h e  pe r iod  1 9 6 3 - ~ r e s e n t  (as of Sept .1 ,  1965) 

Note by comparing f i g u r e s  1 w i t h  3, and 2 wi th  4 t h a t  c e r t a i n  sa te l l i tes  

t r a v e r s e d  t h e  i n d i c a t e d  r eg ion  i n  space  on ly  once. 

5. Tabular  summary of  US space probes provid ing  measurements of t h e  

i n t e r p l a n e t a r y  magnetic f i e l d .  

c h a r a c t e r i s t i c s  and in s t rumen ta t ion  parameters as w e l l  as a n  

estimate of t h e  accuracey  of t h e  measurements, P r i o r  t o  t h e  launch 

of  t h e  IMP-1 satel l i te  i n  1963 no a c c u r a t e  and p r e c i s e  measurements 

of  t h e  i n t e r p l a n e t a r y  f i e l d  had been performed due t o  v a r i o u s  

l i m i t a t i o n s  as i n d i c a t e d  under t h e  heading "comments". 

Included are the o r b i t a l  



- 26 - 

6. P a r t i c l e  and magnetic f i e l d  measurements wi th  Explorer  X I 1  f o r  

t h e  inbound pass  on September 13, 1961. These d a t a  i l l u s t r a t e  t h e  

te rmina t ion  of t h e  geomagnetic f i e l d  a t  a g e o c e n t r i c  

d i s t a n c e  of 52, 200 Km ( r8.2 R and t h e  f l u x  of e l e c t r o n s  

between 1-10 Kev beyond forming t h e  quas i - thermal ized  s o l a r  plasma 

(Freeman, Van Allen and Cahi l l ,1963)  

e 

7. I1 l u s t r a t i o n  of t h e  s o l a r - e c l i p t i c  c o o r d i n a t e  system employed t o  

study t h e  s t a t i s t i c s  and c h a r a c t e r  of t h e  magnetic f i e l d s  i n  space 

and t h e  i n t e r a c t i o n  of t h e  s o l a r  wind wi th  t h e  geomagnetic f i e l d .  

The Xse a x i s  i s  d i r e c t e d  from t h e  E a r t h  t o  t h e  Sun a t  a l l  t i m e s ,  

t h e  Zse a x i s  i s  normal t o  t h e  e c l i p t i c  p l a n e  and t h e  Yse a x i s  

forms a r i g h t  handed c o o r d i n a t e  system. 

8. Observed magnetic f i e l d  r e s u l t s  on outbound o r b i t  #l by t h e  

IMP-1 sa te l l i t e ,  Nov. 2 7 ,  1963. C l e a r l y  e v i d e n t  are t h e  

magnetosphere boundary a t  11.3 Re and t h e  c o l l i s i o n l e s s  shock 

wave a t  16.8 Re.  

(Ness e t .  a l . ,  1965). 

For a d e f i n i t i o n  of t h e s e  boundaries  see t e x t  

9. Representa t ive  r e s u l t s  from t h e  MIT plasma probe showing measurements 

of thermalized plasma by IMP-1 d u r i n g  outbound o r b i t  #l. The 

p o s i t i o n s  of  t h e  boundaries  are evidenced by t h e  d i s t i n c t  change 

t o  small s p i n  modulation of t h e  observed f l u x  between 11.3 and 

16.8 R e  compared t o  measurements beyond t h e s e  p u i n t s  (Bridge e t .a l  

1965) 
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, 10. Comparison of t h e  IMP- 1 r e c t i f i e d  boundary c r o s s i n g s  wi t h  t h e  high 

speed gas  dynamic shock model of S p r e i t e r  and Jones  (1963).  

s tandoff  ratio 

observa t ions .  

c l o s e l y  matched by observat ions.  ( N e s s ,  1965b) 

The 

h a s  been ad jus ted  s l i g h t l y  t o  match t h e  

The p red ic t ed  shape of t h e  shock i s  seen t o  be 

11, Magnetic f i e l d  d a t e  from outbntind n r b i t  4/41, Apri l  30 through 

May 4 ,  1964. 

of 31.4 Re and a t  a Sun-Earth probe ang le  of 1 8 1 O .  

most of t h i s  t i m e  i n t e r v a l  the magnetic f i e l d  i s  poin ted  away from 

t h e  sun but  a t  a g e o c e n t r i c  d i s t a n c e  of 16 Re on t h e  inbound 

p a s s  t h e  magnetic f i e l d  ab rup t ly  r e v e r s e s  d i r e c t i o n  a t  t h e  same 

t i m e  t h a t  it becomes very small, This s p a t i a l l y  l i m i t e d  

reg ion  i s  i d e n t i f i e d  as a n e u t r a l  shee t  i n  t h e  E a r t h ' s  magnetic 

t a i l .  (Ness, 1965b) 

Summary of t h e  hour ly  average XSe-Yse component measurements by t h e  

IMP-1 satel l i te  i n  t h e  E a r t h ' s  magnetic t a i l  f o r  o r b i t s  1 through 47. 

Crosses  i n d i c a t e  observed t r a v e r s a l s  of t h e  magnetosphere boundary. 

C l e a r l y  e v i d e n t  i s  t h e  d i s t o r t i o n  of t h e  geomagnetic f i e l d  forming 

an extended magnetic tai l .  Abrupt changes i n  t h e  sense  of d i r e c t i o n  

of t h e  t a i l  f i e l d  correspond t o  approximately I t v e r t i c a l "  t r a v e r s a l s  

of t h e  roughly * 'horizontal ' '  n e u t r a l  shee t .  (Ness e t .  a l . ,  1965). 

The apogee of t h i s  o r b i t  occu r s  at  a geocen t r i c  d i s t a n c e  

Throughout 

12. 
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13. Summary i l l u s t r a t i o n  of t h e  i n t e r p r e t a t i o n  of  d a t a  pe rpend icu la r  

t o  the  p l ane  of t h e  e c l i p t i c  i l l u s t r a t i n g  s t r o n g  day-n ight  

asymmetry i n  t h e  r a d i a t i o n  b e l t s  and t h e  development of t h e  

extended magnetic t a i l  of  t h e  Ear th .  (Ness, 1965h) 

14. I n t e r p l a n e t a r y  magnetic f i e l d  d a t a  from January 7 ,  2 1  and 2 2 ,  1964. 

F i s  t h e  magnitude of  t h e  f i e l d  i n  gammas, and 8 and C$ are as 

de f ined  i n  F igu re  7. The p o i n t s  are  shown a t  5.46 minute i n t e r v a l s .  

The range i n  4 l abe led  "pos i t i ve"  i n  F igu re  15 is  shown w i t h  a + 

s i g n  i n  t h i s  f i g u r e  ( f i e l d  predominatly away from t h e  sun) .  The 

range  i n  6 l abe led  "negative" i n  F igu re  15 i s  i n d i c a t e d  w i t h  - s i g n s  

( f i e l d  predominantly toward t h e  sun ) .  A t  2220 UT on Jan  7 t h e  f i e l d  

d i r e c t i o n  changes t o  be ing  predominantly toward t h e  sun. (Ness e t .a l . ,  

1964) 

- 

15. D i s t r i b u t i o n  of  t h e  measured i n t e r p l a n e t a r y  magnetic f i e l d  d i r e c t i o n  

i n  the p lane  of  t h e  e c l i p t i c  and normal t o  t h e  e c l i p t i c ,  averaged  

over  5.46 minute and 3 hour i n t e r v a l s .  The h is tograms show t h e  

f i e l d  angu la r  d i s t r i b u t i o n  per  u n i t  s o l i d  a n g l e ;  t h e  dashed 

c i r c l e s  correspond t o  a n  i s o t r o p i c  d i s t r i b u t i o n .  The d i s t r i b u t i o n  i s  

peaked i n  d i r e c t i o n s  cor responding  t o  t h e  s p i r a l  s t reaming ang le ,  

The angu la r  i n t e r v a l s  i n  which t h e  f i e l d  i s  predominantly away from 

o r  toward t h e  sun are  l a b e l e d  p o s i t i v e  and n e g a t i v e  and r e p r e s e n t e d  

by + and - s i g n s  i n  F igu res  14 and 18. The d i s t r i b u t i o n  normal t o  

t h e  e c l i p t i c  shows t h a t  t h e  i n t e r p l a n e t a r y  f i e l d  i s  predominantly 

p a r a l l e l  t o  t h e  e c l i p t i c  r a t h e r  t han  pe rpend icu la r .  (Ness and Wilcox, 

1964; Ness e t .a l . ,  1965) 
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16. S t a t i s t i c a l  d i s t r i b u t i o n  of t h e  i n t e r p l a n e t a r y  magnetic f i e l d  

magnitude f o r  t h e  same data corresponding t o  t h a t  shown i n  F igure  

15. 

of approximately 5 gammas is  i n d i c a t i v e  of average photospheric  

f i e l d s  of t h e  sun of a f e w  gauss  on t h e  b a s i s  of Barke r ' s  model 

of f i e l d  ex tens ion .  (Ness et.al. 1965) 

* 

The uni formi ty  of the d i s t r i b u t i o n  wi th  an  average va lue  

17. Auto c o r r e l a t i o n  of t h e  d i r e c t i o n  of t h e  i n t e r p l a n e t a r y  magnetic 

f i e l d  as observed by IMP-I ( t o p ) .  This  t i m e  series y i e l d s  a 

s i g n i f i c a n t  peak a t  approximately 27 days. (Ness and Wilcox, 1965) 

Cross c o r r e l a t i o n  of t h e  IMP-I i n t e r p l a n e t a r y  magnetic f i e l d  d a t a  

and t h e  photospher ic  magnetic f i e l d  f o r  t h r e e  l a t i t u d e s  

i l l u s t r a t i n g  t h e  coherent  and s t a t i s t i c a l l y  s i g n i f i c a n t  peak a t  

4.5 days ( b o t t o m )  This corresponds t o  an average v e l o c i t y  of 

t r a n s p o r t  o f  s o l a r  l i n e s  of f l u x  o u t  t o  1 AU of approximately 

385 Km/sec. (Ness and Wilcox, 1964). 

18. The + and - s i g n s  a t  the circumference of t h e c i r c l e s  i n d i c a t e  

t h e  d i r e c t i o n  of t h e  measured i n t e r p l a n e t a r y  magnetic f i e l d  du r ing  

success ive  3 hour i n t e r v a l s .  A p a r e n t h e s i s  around a + o r  - i n d i c a t e s  

a t i m e  du r ing  which the  f i e l d  d i r e c t i o n  h a s  extended beyond the 

I 1  a l lowed reg ions"  shown i n  F igure  15 f o r  a few ho-irs i n  a smooth 

and cont inuous  manner. The inne r  p o r t i o n  of t h e  f i g u r e  is a 

schematic  r e p r e s e n t a t i o n  of t h e  s e c t o r  s t r u c t u r e  of t h e  i n t e r p l a n e t a r y  

magnetic f i e l d  t h a t  i s  suggested by t h e s e  obse rva t ions .  (Ness and 

Wilcox, 1965) 

I 
I 

I 
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19. Superposed epoch a n a l y s i s  of  t h e  magnitude of  t h e  i n t e r p l a n e t a r y  

magnet ic  f i e l d  and t h e  p l a n e t a r y  magne t i c  i ndex  Kp as a f u n c t i o n  

of p o s i t i o n  w i t h i n  t h e  2 / 7  s e c t o r s  shown i n  F i g u r e  18. The 

abscissa r e p r e s e n t s  p o s i t i o n  w i t h i n  the s e c t o r  , as measured i n  

days ,  as the s e c t o r  sweeps p a s t  t h e  e a r t h .  The o r d i n a t e  i s  t h e  

ave rage  magnitude o r  a v e r a g e  Kp v a l u e  a t  t h e  same r e l a t i v e  p o s i t i o n  

w i t h i n  t h e  s e c t o r s .  The r e s u l t s  are  shown s e p a r a t e l y  f o r  t h e  f o u r  

s e c t o r s  w i t h  f i e l d  away from t h e  s u n ,  t h e  t h r e e  s e c t o r s  w i t h  f i e l d  

20. Superposed epoch a n a l y s i s  of  t h e  s o l a r  wind f l u x  and d e n s i t y  as 

a f u n c t i o n  of p o s i t i o n  w i t h i n  t h e  2 / 7  s e c t o r s  as i n  F i g u r e  19. 

(Wilcox and Ness, 1965) 
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